ABSTRACT Titin is a giant protein that determines the elasticity of striated muscle and is thought to play important roles in numerous regulatory processes. Previous studies have shown that titin's PEVK domain interacts with F-actin, thereby creating viscous forces of unknown magnitude that may modulate muscle contraction. Here we measured, with optical tweezers, the forces necessary to dissociate F-actin from individual molecules of recombinant PEVK fragments rich either in polyE or PPAK motifs. Rupture forces at a stretch rate of 250 nm/s displayed a wide, nonnormal distribution with a peak at ;8 pN in the case of both fragments. Dynamic force spectroscopy experiments revealed low spontaneous off-rates that were increased even by low forces. The loading-rate dependence of rupture force was biphasic for polyE in contrast with the monophasic response observed for PPAK. Analysis of the molecular lengths at which rupture occurred indicated that there are numerous actin-binding regions along the PEVK fragments' contour, suggesting that the PEVK domain is a promiscuous actin-binding partner. The complexity of PEVK-actin interaction points to an adaptable viscoelastic mechanism that safeguards sarcomeric structural integrity in the relaxed state and modulates thixotropic behavior during contraction.
INTRODUCTION
Titin is a giant filamentous protein that determines muscle elasticity and, via its different domains and associated proteins, is thought to play key roles in important regulatory processes (1, 2) . In the functionally extensible I-band section of titin, a unique proline-, glutamate-, valine-and lysine-rich (PEVK) domain is present (3) . Titin isoforms with different lengths and PEVK-domain sizes are expressed in different muscle types (3, 4) . PEVK is thought to acquire a random, intrinsically disordered structure as a result of the preponderance of highly charged residues (3, 5) . Immunoelectron microscopic analysis has shown that the PEVK domain indeed behaves as a quasiunfolded, random protein chain (6) . Structural experiments suggested that the PEVK domain may contain left-handed polyproline helices (7) . From sequence analysis, a repetitive motif structure was discovered in PEVK (8, 9) . Two main motifs have been identified (8) : PPAK and polyE. PPAK motifs are ;28-residue-long sequences that begin most often with the amino acids PPAK. PolyE motifs contain a preponderance of glutamate. Recently the PEVK domain was suggested to be a malleable structure capable of transition among various conformational states (10) .
Titin's PEVK domain has been shown in several works to bind F-actin. An interaction between cardiac PEVK and F-actin has been found (11, 12) , and the binding could be modulated by Ca 21 /S100 (13) . Human fetal skeletal PEVK was shown to interact with thin-filament proteins (actin, nebulin) (9) . Recently we have shown that the PEVK domain of the full-length skeletal-muscle (soleus) titin isoform binds actin along its entire length, but with different apparent local affinities (14) . We hypothesized that the PEVK-F-actin interaction might function as a viscous bumper that regulates the velocity of sarcomeric shortening. More recent observations support the possibility that PEVK-actin interaction may play a regulatory role in muscle contraction (15, 16) . However, the actin-binding site(s) along the PEVK domain, the dynamics of the PEVK-actin bond, and the forces involved in modulating the interaction have remained unknown.
In this work we explored, by using force-measuring optical tweezers, the mechanics and dynamics of the interaction between F-actin and recombinant skeletal-muscle PEVK fragments. The bonds can be broken with relatively low (;8 pN) forces. Calculated spontaneous off-rates of the PEVK-F-actin bonds are low, suggesting a structure-maintaining role rather than a regulatory function. The lack of canonical actin-binding sites and the multiplicity of actin-binding spots along the fragments indicate that the PEVK domain may be a promiscuous actin-binding partner. The complexity of PEVK-actin interaction points to an adaptable viscoelastic mechanism that safeguards against sarcomeric structural rearrangement in relaxed muscle and determines the thixotropic properties of muscle.
following: 1), PEVKII, the middle one-third of the soleus-isoform PEVK domain (residue boundaries 6359-7064, GenBank accession No. X90569, version X90569.1); 2), PPAK, a fragment rich in PPAK motifs (residue boundaries 5805-6005); and 3), polyE, a fragment containing only polyE motifs (a tandem doublet of the 6769-6840 residue sequence separated by an EcoRI cleavage site). To the C-terminus of the fragments two vicinal cysteines were added for subsequent mechanical handling. His 6 -tagged (on N-terminus) proteins expressed in E. coli (BL21(DE3)pLysS) were purified on Ni 21 -NTA columns (Qiagen, Valencia, CA) under native conditions and further purified on a Sephadex G-25 column. The molecular handles added a total 25 residues to each of the fragments. Actin (17) , myosin (18) , and heavy meromyosin (HMM) (19) were purified according to established methods. For stabilization against depolymerization and for fluorescence imaging, F-actin was labeled with a molar excess of tetramethylrhodamineisothiocyanate-phalloidin (TRITC-phalloidin, Molecular Probes, Eugene, OR).
Preparation of functionalized microscopic beads
PEVK fragments were first biotinylated on their C-terminus (EZ-Link Maleimide PEO2-Biotin, Pierce, Rockford, IL). Subsequently, streptavidincoated 3.1-mm-diameter latex beads (Spherotech) were coated with biotinylated PEVK fragments at a nominal density of ;200-1000 molecules per bead (Fig. 1 a) .
F-actin was attached to carboxylated beads that had been precoated with HMM by cross-linking with carbodiimide. Actin filaments were first sonicated and then attached to the HMM-coated beads in rigor (absence of ATP) (Fig. 1 b) . Fluorescence microscopic analysis has shown that the length of the sonicated actin filaments was #1 mm. To remove unbound actin filaments, the bead suspension was allowed to sediment for 1 h on ice, the supernatant was decanted, and the pellet gently resuspended in AB buffer (25 mM MOPS, pH 7.4, 4 mM MgCl 2 , 0.01% NaN 3 , 0.2% Tween-20, 1 mM dithiothreitol (DTT), 0.5 mg/ml bovine serum albumin (BSA)) containing 25 mM KCl. The procedure was repeated twice. The attachment of TRITCphalloidin-labeled F-actin to the beads was checked with confocal microscopy. In some control experiments F-actin was directly attached to carboxylated beads by cross-linking with carbodiimide.
To examine binding mechanisms and ensure single-molecule interactions, the probabilities of forming interaction between a PEVK-fragmentcoated and an actin-coated bead were compared with the predictions of Poisson statistics (20) (21) (22) . To assay for binding probability, a bead coated with PEVK fragment (PPAK or polyE) at different densities was pressed against a bead coated with F-actin. The mean pushing force and duration were ;35 pN and ;6 s, respectively. Five hundred binding attempts were assayed at each coating density. Nominal coating densities were 200, 400, 600, and 1000 molecules per bead. Binding probability was expressed as the ratio of the number of successful binding events per total number of binding attempts.
Optical tweezers
Interaction forces between PEVK and F-actin were measured with a dualbeam counterpropagating optical tweezers apparatus (23) (24) (25) . Briefly, two beams from single-mode diode lasers (200 mW CW, 833 nm, JDS-Uniphase, Milpitas, CA) were directed with dichroic mirrors into two microscope objectives facing each other (603, 1.2 NA water immersion, Olympus Hungary, Budapest), which focused the beams to the same spot in a flow-through microchamber positioned, with a low-profile closed-loop XYZ piezoelectric stage (Mad City Labs, Madison, WI) between the objectives. The beams partially filled the back aperture of the objectives so that the photons leaving the trap were efficiently collected with the opposite objective lens. The objective back aperture was refocused onto position-sensing photodiodes (UDT, San Diego, CA). Force was measured by calculating the change in light momentum (25) . Trap stiffness and maximal force were ;0.1 pN/nm and ;150 pN, respectively. The flow-through microchamber was custom made from two microscope coverslips (24 3 60 mm) and two parafilm spacers. A narrow micropipette (1 mm tip diameter) was inserted in the microchamber for the capture and handling of microscopic beads. The microchamber was mounted on the XYZ piezoelectric stage; therefore, the movement of the micropipette, and hence the bead captured by it, was carried out by positioning the entire flow chamber. Brightfield microscopic images of the beads and micropipette, illuminated with an arc-lamp (Fiber-Lite, WPI Germany, Berlin), were detected using a G-inch CCD camera (Tokyo Instruments, Tokyo, Japan). Instrument control and data acquisition were carried out by using customwritten LabView algorithms.
PEVK-actin interaction forces were measured by first pressing together (for 5-9 s) then pulling apart the PEVK fragment-and F-actin-coated beads (Fig. 1 c) . The pipette bead was pulled away from the trap with a constant velocity (varied between 100-5000 nm/s). The force in the instant of the rupture of the connection between the two beads was measured. The assay was carried out at room temperature in AB buffer containing 150 mM KCl. In ionic-strength-dependent assays, the KCl concentration was varied between 25 and 250 mM.
Statistics and analysis
Rupture events were identified in the force-versus-time plots as a gradual rise in force followed by sudden force drop. Loading rate (r) was calculated from trap stiffness (k) and stretch rate (v) as r ¼ kv:
(
In case of elastic tethers, the loading rate was calculated by fitting a line to the rising phase of the force trace immediately preceding the rupture event. Loading-rate deviations caused by elastic tethers were indicated as horizontal error bars in the rupture force versus loading rate plot (see Fig. 4 
d).
Bond rupture forces (F r ) are related to the kinetics of PEVK-actin dissociation as FIGURE 1 Experimental strategies for measuring interaction forces between PEVK and F-actin. (a) PEVK fragments were attached to the surface of streptavidin-coated latex beads via their C-terminally located cysteine residue using maleimide-biotin cross-linking. (b) Actin filaments were attached via rigor bonds to latex beads precoated with HMM. (c) Image sequence of the experimental procedure for measuring interaction forces. Upper bead is the actin-coated bead in the optical trap. Lower bead is the PEVK-fragment-coated bead held with a moveable glass micropipette. The beads were first pressed together (i), then pulled apart (ii) until a rupture event occurred followed by the sudden return of the upper bead to its equilibrium position in the trap center (dotted line) (iii).
where k 0 off is the spontaneous off-rate, x b is the distance between bound and transition states along the reaction coordinate, r is loading rate, k B is Boltzmann's constant, and T is absolute temperature (26, 27) . The kinetic parameters (k 0 off and x b ) were obtained by fitting Eq. 2 on the experimentally obtained rupture force versus loading rate data.
To obtain polymer mechanical parameters of PEVK tethers, nonlinear force (F) versus extension (z) curves were fitted with the wormlike chain (WLC) model of entropic elasticity (28),
where A is persistence length, and L is contour length (tether length).
To distinguish between binding mechanisms, binding probability data were fitted with equations for Poisson probabilities for the cases of singlemolecule binding
and double-molecule binding
where P(d) is binding probability at coating density d, and l is a fitting paramenter (22) . For calculations and statistical analyses, we used IgorPro (v. 
RESULTS

Measurement of PEVK-fragment-F-actin interaction forces
The forces necessary to rupture the interaction between the PEVK domain of titin and F-actin were measured with optical tweezers. We used the recombinant fragments ''PEVKII'', ''PPAK'', and ''polyE'' of the PEVK domain, all of which had previously been shown to bind F-actin (14) .
To measure the mechanical strength of the PEVK-actin interaction, a PEVK-fragment-coated latex bead (Fig. 1 a) , held with a moveable micropipette, was pressed against then pulled away from a latex bead, held in an optical trap, onto which actin filaments were attached. To mimic sarcomeric geometry as nearly as possible, actin filaments were attached to heavy-meromyosin (HMM)-coated beads via rigor bonds (Fig. 1 b) . The beads were then pulled apart by moving the micropipette away from the trap (Fig. 1 c) , thereby loading the bond(s) connecting PEVK and actin, and force was monitored as a function of time. Typical force-versus-time traces obtained in PEVKII-actin interaction force spectroscopy experiments are shown in Fig. 2 a. Positive forces correspond to interaction forces, and negative forces to compression forces with which the beads were pressed together. In the force spectrum sawtooth-shaped peaks can be observed that consist of a rising slope, a peak and a rapid force drop. Force rises during stretch because interactions formed between actin and PEVK during the compression period hold the beads together. Sometimes we observed nonlinearity during the rising phase of the sawtooth, suggesting that a tether with a certain length connected the beads (see Fig. 2 g) . The peak corresponds to the force at the instant of the rupture of PEVK-actin interaction. This rupture force, which is an important parameter of the mechanical properties of the PEVK-actin interaction, was measured under various experimental conditions. To test whether the observed force spectra indeed arise from PEVK-actin interaction, we carried out several control experiments. When a PEVKII-coated bead was pressed against either an HMM- (Fig. 2 b) or a BSAcoated bead (Fig. 2 c) , or when an F-actin-coated bead was pressed against a BSA-coated bead (Fig. 2 d) , we observed no interactions. To test whether rupture forces might arise from the breakage of the acto-HMM rigor bond, we measured the interaction forces between PEVKII-coated beads and beads that were directly coated with F-actin using a covalent cross-linker (Fig. 2 e) . The results were indistinguishable from those obtained for HMM-actin-coated beads. Finally, to test whether the observed rupture events might be caused by the dissociation of the streptavidin-biotin bond, we stretched a l-phage DNA molecule biotinylated at its ends and attached to streptavidin-coated beads (Fig. 2 f) . We found no rupture events at forces above 60 pN, which far exceed the range of forces in which the PEVK-actin rupture events were observed.
Effect of ionic strength
To test the mechanisms of PEVK-actin interaction and whether the interaction occurs at physiological ionic strengths, mechanical measurements were carried out at increasing KCl concentrations (Fig. 3) . We measured the success rate of forming bead-bead interaction as a function of ionic strength. Success rate, defined as the ratio of the number of successful bead engagement attempts that resulted in rupture forces versus the number of total bead engagement attempts, was constant across the ionic strength range of 25-150 mM. Above 150 mM, the success rate dropped sharply, and essentially no PEVK-actin interaction could be observed at ionic strengths above 250 mM. Subsequent experiments were carried out at 150 mM KCl.
PEVK-actin rupture force statistics Fig. 4 a shows the distribution of rupture forces for PEVKII at a mean stretch rate of 250 nm/s. A wide distribution of rupture forces can be observed with a major peak at ;6 pN and local modes at higher forces. To dissect the interaction further, motif-rich PEVK fragments were examined. Fig. 4 , b and c, shows the distribution of rupture forces for polyE and PPAK fragments for different stretch rates. At a stretch rate of 250 nm/s, a relatively wide distribution is observed, with rupture forces ranging from 2 to 35 pN and a peak at ;8 pN. Increasing the stretch rate to 5000 nm/s resulted in increased mean rupture force and widened rupture force range. To test whether the wide range of forces is caused by the interaction of multiple PEVK molecules with the actin-coated bead, we systematically reduced the density of PPAK fragments on the bead surface and carried out dynamic force spectroscopy measurements (Fig. 4 d) . Although reduction of the nominal bead coating density (calculated as total PEVK concentration per total bead concentration) from 1000 to 400 molecules/ bead reduced the mean rupture force, there was no significant difference in rupture forces between 400 and 200 PPAK molecules/bead. The success rate of finding bead-bead interaction became low in the case of 200 PEVK molecules/bead. Further dilution resulted in extremely rare binding events. Therefore, subsequent measurements were carried out at a nominal coating density of 200 molecules/bead.
Apparent kinetic parameters of the PEVK-actin interaction were obtained by measuring rupture force as a function of loading rate (Fig. 4 e) . The loading-rate-dependent rupture force relationship was better fitted with two independent functions (Eq. 2) in the case of polyE. By contrast, a single function gave good fit in the case of the PPAK fragment. For the polyE-F-actin interaction at low loading rates (,100 pNÁs À1 ), the spontaneous off-rate (k were 0.135 6 0.017 s À1 and 0.58 6 0.02 nm, respectively. To substantiate the singularity of molecular interactions between PEVK fragments and F-actin, the binding probabilities were plotted against the nominal bead coating density (Fig. 4 f) and compared with Poisson statistics (20) (21) (22) . We obtained good fit for single-molecule binding mechanism (Eq. 4, x 2 ¼ 0.002) for both polyE and PPAK fragments. By contrast, the equation for double-molecule binding (Eq. 5) gave a poorer fit (x 2 ¼ 0.01). The analysis also indicated that at the nominal bead coating density of 200 molecules per bead, the probability of simultaneous binding of two PEVK fragment molecules to the actin-coated bead was extremely low (0.006).
Geometry of PEVK-F-actin interaction
In many cases (;60% of the binding events for polyE and PPAK), we observed that the rupture occurred at a lengthoffset, suggesting that a tether was formed between the two beads (Fig. 5, a and b) . In these experiments the rupture event was preceded by a nonlinear curve in the force-versuslength trace. In the case of long tether lengths, the nonlinear rising part of the force trace was often preceded by a flat trace at near-zero forces. The tether-length (contour length of WLC fit) histogram could be fitted with a sigmoid function FIGURE 3 Effect of ionic strength on actin-PEVKII interaction. Interaction success rate as a function of KCl concentration, calculated as the number of rupture events per the total number of interaction trials. Forceversus-time trace for an experiment at 25 mM KCl (left inset) and 250 mM KCl (right inset). Nominal bead coating density ;1000 molecules/bead. in the case of the polyE fragment (Fig. 5 c) , suggesting that the actin-binding sites are distributed along its entire calculated ;65-nm length (171 residues 3 0.38 nm spacing) and that these sites are more-or-less equally accessible. In support of this notion, we sometimes observed plateaus in the force-versus-length traces (Fig. 5 c, inset) that likely correspond to the breakage of consecutive interactions in an unzipping process. The length histogram could be fitted with a single exponential function in the case of the PPAK fragment (Fig. 5 d) . The frequency of rupture events became minimal at lengths exceeding the calculated ;86-nm length of the PPAK fragment (226 residues 3 0.38 nm). In the case of the ;278-nm-long PEVKII fragment (731 residues 3 0.38 nm), multiple plateaus and rupture events were seen in forceversus-length plots (Fig. 5 e) . In stretch-and-hold experiments (Fig. 5 f) , we observed stress-relaxation where force decreased in discrete steps as a function of time.
DISCUSSION
Nanomechanics of PEVK-actin interaction
A viscous force of unknown magnitude has been speculated in recent years to arise in the sarcomere as a result of interaction between titin's PEVK domain and actin (12, 14) . In the work presented here we explored the nanomechanical features of the interaction between F-actin and PEVK fragments by using optical tweezers. We investigated a fragment rich in PPAK motifs (''PPAK fragment'') and another consisting entirely of polyE motifs (''polyE fragment''). PPAK and polyE represent the two main sequence motifs present in the PEVK domain (8) . In addition, we measured interaction forces for a PEVK segment (''PEVKII'') that represents the middle of the PEVK domain of the soleusmuscle titin isoform (14) .
Because both F-actin and the PEVK fragments are filamentous structures, the geometry of their arrangement is likely to influence their interaction. Actin filaments were mounted on beads densely precoated with HMM. In this arrangement the actin filaments, held with multiple rigor bonds on the HMM-coated bead, displayed their side toward the bead coated with the PEVK fragment. Although this molecular arrangement may not represent the usual physiological state when the molecular species interact (rigor versus relaxed state), it captures essential features of the sarcomeric arrangement of the filaments. Each of the PEVK fragments was captured via its biotinylated C-terminal end onto streptavidin-coated beads. The rest of the fragment molecule was therefore accessible for actin binding as much as its conformation and fluctuations permitted the process to take place. The loading direction was normal to the actinfilament axis. Although this geometry differs from that in the sarcomere, it allowed the probing of individual PEVK-actin interactions. Had the filaments been pulled in a direction parallel with their axis, the interconnecting bonds would have been loaded at the same time.
Although a complex set of molecules and interactions were involved, control experiments demonstrated that we were able to specifically identify and explore the interaction between the PEVK fragments and F-actin (Fig. 2) . We excluded the possibility that either PEVK-HMM, PEVK-BSA, actin-BSA, biotin-streptavidin, or actin-HMM interaction contributed to our findings. Although individual actin-HMM rigor bonds can be broken with relatively low forces such as observed in this work (29) , it is unlikely that the observed data resulted from the rupture of rigor bonds for several reasons: 1), actin filaments are coupled to multiple HMM molecules on the bead surface; 2), the kinetic parameters of the observed interactions (see Fig. 4 ) are different from that of the acto-HMM bond (29) ; and 3), replacing the acto-HMM-coated beads with ones carrying covalently coupled F-actin gave identical results (Fig. 2 e) . Finally, it is highly unlikely that the observed rupture events are related to the breakage of the actin filament itself. Mechanical breakage of torsion-free actin filaments requires forces up to 600 pN (30) .
Characteristics of the PEVK-actin bond
The properties of PEVK-actin interaction were characterized in several series of experiments. Increasing the KCl concentration above 150 mM abolished the formation of PEVKactin bonds, suggesting that the interaction is electrostatic. Our results support previous observations (12, 14) and indicate that the interaction occurs at physiologically relevant ionic strengths. Thus, in addition to its apparent elastic properties (31, 32) , the interactions of the PEVK domain might also be tuned by ionic conditions. PEVK-actin rupture force histograms displayed a wide, nonnormal distribution (Fig. 4, a-c) . At low stretch rates, a peak rupture force of ;8 pN was observed for both polyE and PPAK (Fig. 4, b and c) . At high stretch rates, the ruptureforce distribution broadened, and the peak (and mean) rupture force increased. To exclude the possibility that multiple PEVK fragment molecules are involved in the interactions, we systematically reduced the bead-surface density of the fragments. From comparisons with Poisson statistics (Fig. 4  f) we may conclude that single PEVK fragment molecules are able to bind an actin filament. Furthermore, at the 200 molecules per bead coating density, the simultaneous binding of two PEVK fragment molecules to the actin-coated bead was highly unlikely. Although the average rupture forces decreased with lowering of the bead coating density, the distribution of forces remained nonnormal. It is likely that although single PEVK fragment molecules took part in the interaction, several actin-binding sites along the fragment could be involved. Further experiments on tether-length distribution (Fig. 5 ) supported this idea.
The loading-rate dependence of rupture force was different for polyE and PPAK fragments (Fig. 4 e) . Whereas in the case of PPAK a single function fitted the results, two different functions gave a good fit for polyE. We envision two possible scenarios to explain the biphasic loading-rate dependent rupture forces of the polyE fragment. One possibility is that the polyE-F-actin bond has a complex energy landscape involving an intermediate state (33) . Another possibility is that multiple actin-binding sites along the polyE fragment with different kinetic parameters are involved. A similar biphasic distribution of bond lifetimes has been observed for the interaction between F-actin and the twoheaded HMM molecule (29) . Measurement of tether lengths (Fig. 5) revealed that there are indeed multiple actin-binding sites along the PEVK fragments. Further experimentation will reveal whether the energy landscapes of these bonds are similar.
Often a tether was formed between the two beads before the rupture event (Fig. 5) . Because of the filamentous nature of the molecules, the tether may be formed of the PEVK fragment, the actin filament, or both. We argue, for the following reasons, that the tethers were formed mainly of the PEVK fragments. First, the lengths were most frequent within the range of the calculated fragment lengths (Fig. 5, c  and d) . Second, the persistence length of the tethers within the fragment-length range, calculated from wormlike-chain fits (28), was ;1 nm, which correlates well with previous mechanical measurements, using AFM, on PEVK molecules (32, 34, 35) . By contrast, the persistence length of actin filaments is in the order of ;1 mm (36). However, in the case of the occasional tethers lengths exceeding the calculated lengths, a long-persistence-length segment was also present, which probably corresponds to the actin filament. In these cases a likely arrangement is that the PEVK fragment interacted with a loop of F-actin or an actin-filament segment that broke loose from the HMM-coated bead surface.
The wide range of tether lengths observed indicates that F-actin can bind indiscriminately along the contour of the PEVK fragments. The lack of canonical actin-binding sites (37) , the intrinsically disordered nature of the PEVK domain (5, 6) , and the indiscriminate actin-binding properties suggest that the domain may behave as a promiscuous actin-binding partner. We found a difference in the shape of tether-length distribution for polyE and PPAK (Fig. 5, c and d) . The difference may be related to the accessibility of actin-binding regions in these fragments. PolyE, with its preponderance of negative charges, may acquire a more extended conformation than the PPAK fragment. In support of this idea, preliminary experiments with single-molecule AFM indicate that the persistence length of polyE (;0.9 nm) exceeds that of PPAK (;0.6 nm) (data not shown). As a consequence, the entire length of polyE may be more accessible for actinbinding than that of PPAK. In addition, because of the polyelectrolyte nature of polyE, its binding to F-actin may be tuned according to the local ionic strength.
Large stretches of the PEVK domain, such as the PEVKII fragment, contain numerous polyE and PPAK motifs arranged in series. Because of the putative random structure of the domain and its promiscuous binding to actin, it is difficult to predict the exact number of interactions with an actin filament. Under mechanical load the numerous interactions are broken sequentially as a function of time, resulting in stress relaxation (Fig. 5 f) . Stress relaxation is a known feature of relaxed muscle and has been attributed to titin domain unfolding (38) , PEVK-actin interaction (12) , and interactions within the PEVK domain (39) . Our results support the idea that the dynamics of PEVK-actin interaction play an important role in the stress-relaxation of striated muscle.
Possible physiological functions of the PEVK-actin interaction
The possible physiological role of the PEVK-F-actin interaction is most likely determined by the generated viscous load that resists the sliding movement of actin along the thick filament. In the absence of external force, the lifetime of the PEVK-F-actin bonds is high. The lifetime, at no force, of the polyE-F-actin bond, for example, is 223 s, which far exceeds the 67-s lifetime of the single-headed rigor bond between actin and myosin subfragment-1 (S-1) (29) . Because of the energy landscape of the bonds, however, low forces (on the order of 10 pN) are sufficient to reduce the bond lifetime significantly. The long lifetimes of the PEVK-F-actin interaction in the absence of force suggest a structural function in the relaxed state of muscle. The interaction between the PEVK domain and actin may thus aid in preserving the structural integrity of the relaxed sarcomere. Because of isoform variation in PEVK and its interactions with additional thin-filament components (9), PEVK-thin filament interaction may be under fine control with yet-to-be discovered structural and functional consequences for the muscle sarcomere.
At changing sarcomere lengths (i.e., during contraction or extension), significant levels of viscous forces may be developed by the PEVK-F-actin interaction. Physiologically relevant sarcomeric filament-movement rates fall within the employed stretch rates (250-5000 nm/s). For example, in a cardiomyocyte contracting between sarcomere lengths of 1.7 and 2.2 mm with 80 beats/min, thin filaments slide past the thick filament (and hence titin) with a velocity of ;330 nm/s. Because of the geometry of the sarcomeric lattice, three PEVK domains are available to interact with each thin filament (40) . If only one bond formed between each PEVK and the thin filament, then a force of ;30 pN/filament may be generated at the above loading rate. If, however, multiple bonds were formed, then the generated force may be far in excess of this level. Although easily overcome by the active force generated by actomyosin, which may be as large as ;1 nN/thin filament considering maximal isometric force (41, 42) and the number of available myosin heads (43) , the viscous force may be significant in modulating the mechanical behavior of striated muscle. Because a greater number of PEVK-actin bonds are likely to form during a more extended period spent in the relaxed state, the generated viscous forces are probably greater during the first contraction or stretch of the sarcomere. Therefore, PEVK-actin interaction might be important in determining thixotropy or strain softening in striated muscle (44, 45) . Whether PEVK-F-actin interaction plays a regulatory role during active contraction depends also on the on-rate of bond formation, which is yet unknown. Because the presence of PEVK fragments slows down the in vitro motility of actin filaments (14) , such a regulatory role might also be possible.
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